Abstract: The effect of four sublethal concentrations (from 0.01165 to 0.3025 µg per insect, responding to LC10/10, LC10, LC30 and LC50) of the organophosphorus insecticide, fenitrothion, on Spodoptera exigua (Lepidoptera, Noctuidae) larval development and ultrastructure of follicular cells of adult female moths was tested. The most prominent malformations were: breaks in the cuticle, increased mortality during larval/pupal molting, alterations of nuclear envelope, changed heterochromatin pattern and abnormalities in mitochondrial ultrastructure. Some of the alterations are dose-dependent, but the other ones, like organization of rough endoplasmic reticulum (RER), show non-linear response: cells exposed to lower concentrations (LC10/10 and LC10) of the insecticide possessed clusters of accumulated RER, which were absent within the cells exposed to higher ones (LC30 and LC50). Formation of the eggshell was also markedly postponed within the groups exposed to lower doses. These findings prove that even minute amounts of xenobiotics may cause significant changes within exposed populations.
Introduction
Insecticides are used to kill insects which eat or destroy crops. However, they also influence many non-target species. If not properly used, for example when the concentration of the pesticide is too low, target insects may survive and develop resistance to the chemical. Besides, these chemicals may cause many side-effects, like ultrastructural malformations (Mehlhorn et. al. 1999; Adamski et. al. 2005b ) and decreased number of laid eggs (Lemos et. al. 2005) . These changes may refer to any species, not only pests. Hence, low doses of insecticides can cause serious changes within the exposed populations and finally disturb food-webs.
Tested lepidopterans belong to the common lepidopteran species, which spread around the Europe. They feed on various crops, what makes them economically important pests. Therefore, their control as well as the mechanisms of toxicity and resistance become more and more important.
In our previous studies (Fila et. al. 2002; Adamski et. al. 2005c) we reported on the presence of serious abnormalities of the eggshell (chorion) of insects exposed to organophosphate insecticide fenitrothion. The pesticide is widely used as an insecticide and acaricide, for commercial greenhouse and outdoor purpose, to control a variety of insects and mites. It may therefore harm various insects, not only the target species. When Spodoptera exigua insects were exposed to fenitrothion during the larval stage, some of them survived, but imagoes laid eggs with drastic crackings and areas which were lacking the external layer of the eggshell (Fila et. al. 2002; Adamski et. al. 2005c ). Impaired eggshells cannot protect embryos from climate changes, predators and parasites. The eggshell is produced by the follicular cells in the ovaries of insects. These cells secrete fats and proteins, which build the chorion (see, e.g., Margaritis 1985) .
Since the above mentioned malformations took place during the late development of the eggs (Adamski et. al. 2005c) , we decided to examine the ultrastructure of the follicular cells. Therefore, we exposed S. exigua larvae to two concentrations of fenitrothion, collected eggs from the ovaries and examined follicular cells using a transmission electron microscope (TEM). Additionally, we monitored the mortality within the exposed populations. Using scanning electron microscopy (SEM) we documented side-effects caused by fenitroth-ion on insects' morphology, especially on the cuticle. This type of abnormalities was observed in case of a carbamate insecticide carbaryl (Adamski 2007) .
This comparison may answer the following questions: (i) are the follicular cells malformed?; (ii) if yes, are the malformations a cause of the observed crackings and diminutions of the eggshell?; (iii) are the ultrastructural malformations within the follicular cells of the same nature like in other tissues?; (iv) are the malformations concentration-dependent?; and (v) does the insecticide cause malformations of cuticle?
We chose one concentration, which causes moderate lethality -a death of about 50% of population within four days (LC 50 ), two concentrations, which cause low lethality -a death of about 30% and about 10% of population (LC 30 and LC 10 , respectively), and one very low concentration -one tenth of the concentration which resulted in the mortality of 10% of tested populations (LC 10 /10). The effect of such a very low concentration (LC 10 /10) of fenitrothion on insects has not been examined yet. Therefore, we could observe the wide range of responses within the survived fractions of the exposed insects. The lowest concentration is interesting, since it can be located within the hormetic range. Hormesis is a phenomenon characterized by stimulation of any given process by low dose of a toxicant and inhibition of this process by high dose of the toxicant (van der Woude et. al. 2005) . The majority of research focuses on high concentrations of the insecticides (they must kill the insects). Therefore, the effect of low, but still environmentally relevant concentrations (accidental, not intended pollution), are not fully known.
Material and methods

Exposure of larvae to fenitrothion
The experiments were carried out on S. exigua Hübner [1808] larvae. They were maintained in chambers at 25
• C with a 16:8, L:D photoperiod. Groups of L3 larvae (60 individuals in each) were reared as previously described (Adamski et. al. 2005c ), on a semi-synthetic nutrient (David et. al. 1975 ) with fenitrothion (1-naphthyl Nmethylcarbamate, 99.9% purity -Institute of Industrial Organic Chemistry, Warsaw, Poland) added to the nutrient. The concentrations of the insecticide were experimentally established as follows. Larvae were divided into six groups of 30 individuals. Each insect was kept separately in a phial and received a portion of a nutrient in the form of a pill cut from the nourishment (0.032±0.007 g) with 10 µL of pesticide in solution (50% ethanol). Each of the six groups differed in the concentration of fenitrothion added to the nutrient. Larvae were exposed to the insecticide for four days. After that time, the number of dead larvae was counted, the mortality-concentration curves and the LC values were determined using probit analysis (Finney 1971) : probit of lethality (logY) = logA + B × logX (log of concentration). Then, the values of LC10LC30, LC50 and LC95 were calculated.
The new groups of larvae were exposed to the calculated values (LC10/10, LC10, LC30 and LC50). These larvae were exposed to fenitrothion until pupation. Pupae were collected and their gender was determined. Both larvae and pupae were examined under a SEM. The insects were kept separately in 100 mL phials till they reached imago stage. The three-day old females were anaesthesized using chloroform (five insects per concentration), the cuticle was cut and the ovaries were isolated. The terminal (most developed) eggs were cut out and examined under the TEM.
SEM preparation
In order to document the effect of fenitrothion at the level of individual organisms, dying individuals (7-15 per group) were examined and photographed with a SEM. Figures present only those malformations, which were found in more than 50% of examined individuals. Insects were fixed in 2% glutaraldehyde, washed with cacodylate buffer and water, dehydrated through ethanol solutions, immersed in hexamethyldisilazane, air dried and mounted on stubs with doublesided sticky tabs, coated with gold in a Balzers SCD 050 ion coater, and observed in a Zeiss Evo 40 SEM.
TEM preparation
Ovaries were fixed with 2% glutaraldehyde in 0.175 M cacodylate buffer, postfixed with 1% osmium tetroxide, dehydrated and finally embedded in Spurr resin. Ultrathin sections were obtained using a Leica ultramicrotome, stained with uranyl acetate and lead citrate and observed under the JEOL 1200EX II JEM TEM.
Results
Survival of larvae
The logarithmic relationship between the concentration of fenitrothion and the probit of mortality was expressed as an equation: Y = 6.605 + 3.092 × log of concentration.
The correlation factor is 0.97, which indicates a very high correlation between both parameters. Table 1 shows the values for lethal concentrations of fenitrothion calculated after four days.
The control and LC 10 /10 larvae were vigorous, they did not exhibit any significant mortality. Contrariwise, after 3-7 days of exposure, LC 10 , LC 30 and LC 50 groups of larvae revealed a high total mortality, which finally (after three weeks) reached about from 30 to over 80% (Fig. 1) . However, we could observe the plateau phase, when the resistance must have been higher. Some of the larvae survived, and they all begin pupation. 
Effect of fenitrothion on pupation
The period of pupation is critical for many insects. There was no difference between the percentage of insects that ended pupation between the control and LC 10 /10 groups (3.5% and 3.4%, respectively). A significantly higher number of pupae died within LC 10 , LC 30 and LC 50 groups (35%, 72% and 83%, respectively). The cuticle of dying insects revealed prominent cracks and breaks, especially close to the spiracles and trachea ( Fig. 2a-d) . Some patches of "bald" cuticle were also observed (Fig. 2d) . The malformations were observed within all tested groups, with no significant difference in their intensity.
TEM observations
Follicle cells of exposed organisms revealed marked changes. Figure 3 shows the typical ultrastructure of the control (Fig. 3a-c ) and exposed samples (Fig. 3d-h ). The LC 30 and LC 50 groups showed serious malformations within the nucleus and cytoplasm, indicating clear symptoms of disintegration. Cells within both groups show prominent invaginations and swelling of the nuclear envelope. Within LC 50 group condensation of heterochromatin led to the formation of large patches within the nuclei. The columnar layer was not observed within this group. Surprisingly, the chorion formation was much more delayed in time within LC 10 /10 and LC 10 groups ( Fig. 3d-e) . We observed clusters of accumulated RER. The nuclear envelope was also significantly invaginated. Patches of heterochromatin were also irregular. Large intracellular spaces between follicular cells were observed. The columnar layer of eggshells was not developed at all (LC 10 /10, Fig. 3d ) or very weakly de- and LC 50 (f-h) groups. Note the regular, oval or circular shape of the nucleus and heterochromatin within the control cell, as well as well developed mitochondria. In the cells exposed to fenitrothion note the invaginations of nuclei, and scattered irregular heterochromatin patches. LC 50 group shows large, elaborated patches of condensed chromatin and prominently swollen nuclear envelope (f, g) and cracked lamellar layer, with no columnar layer visible (h). Legend: arrowheads -swollen nuclear envelope, arrows -invaginations of nuclei, asterisks -irregular heterochromatin patches; A -aeropylar region, L -lamellar layer of the eggshell, C -columnar layer of the eggshell, E -embryo, T -trachea, F -fingerlike projections. Scalebars: a), b) and d) = 2 µm, c), e) and h) = 500 nm, e) and f) = 1 µm. veloped (LC 10 , Fig. 3e) , and fingerlike projections towards the eggshell could be observed from both sides. These two groups possessed also highly concentrated ER within follicle cells and large intercellular spaces, which was not observed within control, LC 30 and LC 50 groups (Fig. 3f-g ). The highest concentrations caused crackings of the lamellar layer (Fig. 3h) .
Discussion
The observed malformations of the cuticle are similar to those described previously for larvae exposed to the dithiocarbamate fungicide mancozeb, as well as those exposed to the carbamate insecticide carbaryl (Adamski & Ziemnicki 2004; Adamski 2007) . This shows the non-specific action of sublethal concentrations of some xenobiotics on insects. Although the above-mentioned pesticides belong to different chemical classes, they cause similar damage within cells as well as to the whole insects.
In the tested groups we could observe insects dying during the transition from last instar larvae to pupae, with the beginning of the pupation observed at the head region. The transition from larvae to pupae seems to be the crucial period within pre-imaginal development. During this period, a drastic reorganization of the insect's body, due to the remodeling of hormonal secretion, takes place. The head region plays the crucial role in this process. It starts pupation, before the rest of the insect enters the process. Therefore, the observed mortality of insects during the beginning of pupation suggests high sensitivity of insects to fenitrothion during this stage. Hence, the hormonal activity and distribution of hormones can be severely impaired by fenitrothion, leading finally to death. The future investigation, focusing on the hormonal control and the level of hormones, would make this study more explicative.
Reported cracking of the cuticle is probably due to the improper formation of its structure. Deposition of fats and proteins are disturbed. Their production is impaired by these organophosphate xenobiotics (Nath et. al. 1997) . The presence of these breaks close to the respiratory system makes them especially dangerous as the tracheal system distributes oxygen over the whole insect body. In the natural environment, the respiratory system is a perfect 'gate' for pathogens and parasites. Therefore, breaks close to the tracheal system can cause additional, secondary harm. The tracheal system consists of relatively strong tubes, which should resist pressure exerted by the neighboring tissues. In case of the exposed insects, the affected (weakened or too rigid) cuticle is too weak, to resist the pressure exerted on the tracheal system, and breaks. Broken spiracles support this suggestion.
It is noteworthy that follicular cells exhibit malformations observed within other tissues and cells, too (Li & Zhang 2001; Mehlhorn 2001; Adamski et. al. 2005a,b) . Such abnormalities as invaginations of the nuclear envelope and loss of cristae or swelling of mitochondria seem to be the most frequently observed. However, these two organelles are among the most important for the cell, when it is fighting stress. We know that fenitrothion decreases the electron transport system in dipterean larvae (Choi et. al. 2001 ) and inhibits the activity of Na + /K + -ATPase (Sancho et. al. 1997) . The organism therefore does not have enough ATP, detoxification is impaired, and cytochrome P450s and NADPH cytochrome P450 reductase, which are involved in metabolic insecticide detoxification, are impaired, too (Clos et. al. 1994; Lycett et. al. 2006 ). Invaginations and swelling along the nuclear envelope imply a disturbed transport to and from the nucleus and possible problems in transcription and translation. The same ultracellular malformations -dense nuclei with wide perinuclear cisternae -were observed within the same insects exposed to carbamate insecticide carbaryl (Adamski2007) and in the evolutionary distinct rat experimental model (Hagar et. al. 2002) . Such changes seem to be typical for sublethal doses of organophosphorous insecticides and can be treated as general biomarkers of the stress. The same alternations were observed within follicular cells. Since fenitrothion is fat soluble, it can easily accumulate in biological membranes, and change their structure and fluidity (Domenech et. al. 1977; Antunes-Madeira & Madeira 1979) .
Within the exposed groups DNA was more condensed and the heterochromatin patches were less regular and larger. Organophosphate insecticides can change DNA structure (Garaj Vrhovac & Zeljezic 2002; Moretti et. al. 2002) . The nuclei of cells exposed to the highest concentrations show symptoms of advanced disintegration: deep invaginations and large heterochromatin patches. Consequently, the malfunctioning of follicle cells must have led to crackings within the lamellar layer, as well as under-development of the columnar layer. Secondly, we also observed the phenomenon of inheritance of malformations of the eggshell, by the next generations of moths (Adamski et. al. 2005c ). Therefore, genetic information is likely to be altered within the follicular cells. Li & Zhang (2001) found that the intensity of ultrastructural damage of in vitro cell cultures increased with the insecticide concentration. This was not only demonstrated for the cells ultrastructure but also for malformations of the eggshell structure (Fila et. al. 2002) . In this paper we report some changes which show different modes of action: even though there was no significant larval mortality within LC 10 /10 group, we noticed drastically postponed eggshell formation caused by this concentration. The eggshell in the LC 10 /10 group did not develop properly, although the eggs were just about to be laid. Similar, but milder effects were observed within LC 10 group. Because electronograms revealed presence of fingerlike projections and high concentration of RER, one may suppose that the deposition of chorion layers was not finished yet.
Together, these data imply a bimodal mode of action of fenitrothion on follicle cells. The lower doses cause intensive malfunctioning of the follicle cells. On the other hand, the higher concentration of fenitrothion led to more advanced malformation of nuclei, which impaired the functioning of the whole cells. Consequently, the destroyed cells could not deposit the proper layers covering the egg. The high concentrations of the insecticide therefore resulted in highly damaged eggshell (cf., e.g., Fila et. al. 2002) .
The insecticide can then be transported from the fat body to the ovaries, which become unable to produce a proper eggshell, a mixture of fats and proteins (Margaritis 1985) . The ultrastructure of the follicular cells in LC 10 /10 and LC 10 females shows significant alterations, compared to the control organisms. First of all, accumulation of RER points to a very intensive production of proteins, mostly designed for the chorion formation. The large clusters of RER are located close to the eggshell. Since the observed fragments of ovaries are terminal ones, one can assume that the production of the eggshell is finished. However, this process is postponed and slowed down in the LC 10 /10 and LC 10 groups. We suggest that, due to disturbed hormonal activity, the regulation of follicular cells is also disturbed and the process of eggshell formation is impaired. A very important point is the loss of the connections between the cells, which was not observed within control tissue. This may be the effect of an imbalance in osmotic conditions within cells. For this reason, the whole pro-cess of chorion formation is not synchronized anymore.
The presented data suggest that previously described changes of the eggshell (Fila et. al. 2002; Adamski et. al. 2005c ) result from malformations and malfunctions of the follicular cells. It can be suggested that the hormonal regulation and secretion of the eggshell proteins and fats are altered by fenitrothion. To sum up, we want to emphasize that even very low concentrations of insecticides may cause changes, which will drastically influence the exposed populations. One must remember that reproduction and appearance of new generations is usually correlated with the best environmental conditions, both in plants and animals (Fitter & Fitter 2002; Visser et. al. 2006) . If the eggs are laid at an improper time, the insufficient amount of food, increased number of predators or simply climate changes may decimate the populations. Malformed eggshells cannot protect developing embryos. This anti-hormetic mode of action may cause the use of pesticides to lead to unexpected changes within the environment.
